The magnitude determination scheme of the Japan Meteorological Agency (JMA) was revised in September 2003. This paper presents a formula for velocity magnitudes that underlies the revision. Depth dependence of the velocity magnitudes is determined so as to agree with JMA displacement magnitude for earthquakes shallower than 150km and with moment magnitudes for those deeper than 150km. The velocity magnitudes were consistent with the moment magnitude estimated with the F-net for earthquakes shallower than 550km. A comparison of velocity magnitudes and displacement magnitudes of earthquakes from 1977 to 2004 indicates that there is no noticeable temporal change except for a step of about +0.06 during the renovation of the JMA seismic network in 1994.
Introduction
proposed a magnitude determination formula using a velocity amplitude AV (m/s) as MKV 1 = αV log 10 AV +βKV 1(Δ, H)+γKV 1(L, H) . (1) Here, αV = 1/0.85, βKV 1(Δ, H) is a correction function of the epicentral distance Δ and focal depth H, and γKV 1(L, H) is an additional correction for the inhomogeneous Q structure, expressed in terms of H and distance L from an observation point to a trench axis. The amplitude AV is assumed to be recorded with shortperiod instruments installed on the ground. The correction functions βKV 1 and γKV 1 are determined so that the formula (1) may yield results consistent with moment magnitudes (Katsumata, 2001) .
The formula (1) needs to be modified in the JMA magnitude determination scheme; it must be consistent with the Tsuboi (1954) magnitudes for shallow events.
In fact, there is a disagreement between MKV 1 and JMA displacement magnitude MD (Katsumata, 2004) for shallow events. The purpose of this paper is to find a new formula for velocity magnitudes MKV 2 = αV log 10 AV +βKV 2(Δ, H)+γKV 2(L, H) (2) that is consistent with the JMA magnitude scheme.
A simplified version of (2) MV = αV log 10 AV + βV (Δ, H) + CV , was adopted as a formula for velocity magnitudes of JMA in 2003. The function βV (Δ, H) was modified from βKV 2(Δ, H) so that it may agree with the Watanabe (1971) magnitude in the short hypocentral-distance range, and CV is a correction coefficient. This modification was done by Funasaki et al. (2004) , and a technical detail, which was omitted in their paper, is described in Appendix 1.
Data
The velocity and displacement amplitudes used were observed from April 1995 to September 1997 with 
Hy p o c e n t r a l d i s t a n c e ( km)
Ma g n i t u d e the seismic network for tsunami forecasts installed by JMA (1997) in 1994. For this period, most of the data are available in data files. Since the publication of a unified seismic catalog which started in October 1997 (JMA, 1998) , velocity amplitudes have been measured at a limited number of stations.
Ground noise and the clipping of the A/D converter determine the lower and upper limits of observed amplitudes. To avoid this systematic bias of data, we use magnitude-dependent windows of hypocentral distance shown in Fig. 1 (a) for velocity and ones in (b) for displacement. Similar windows are applied to data from the old JMA seismic network and data from networks of other organizations. As a reference magnitude to obtain (2), displacement magnitude determined with these windows is used, and is denoted by MKD to distinguish it from the JMA displacement magnitude MD.
Velocity magnitude based on displacement magnitude
In a general expression for velocity magnitudes MV = αV log 10 AV + βV (Δ, H) + γV (L, H), βV (Δ, H) is written with B-spline functions (Ichida and Yoshimoto, 1979) as
cijNmi(f (Δ))Nmj(f (H)). (3) Here, f (x) is a function to make a linear-logarithmic combined scale (Katsumata, 2001) given by f (x) = log 10 x (x ≤ xc)
x xc log 10 e + log 10 xc e (x > xc) where xc is a coordinate of the connection points taking a value of 120km, and e is the base of the natural logarithm.
Nmi and Nmj are spline functions of the order m − 1, while the numbers of knots is represented by k for epicentral distance and by l for focal depth. The knots on the combined scale are set as ξi = 0.0, 0.0, 0.0, 0.0, 0.6, 1.1, 1.7, 1.8, 1.9, 2.1, 2.3, 2.9, 3.8, 5.265, 5.265, 5.265, 5.265 (i = −3, −2, . . . , 13) for epicentral distance ξ, and ηj = 0.0, 0.0, 0.0, 0.0, 0.6, 1.1, 1.7, 1.8, 1.9, 2.1, 2. 3, 2.7, 3.0, 3.4, 4.179, 4.179, 4.179, 4.179 (j = −3, −2, . . . , 14) for focal depth η.
Likewise γ V (L, H) is expressed with B-splines as
γV (L, H) = p−m i=1 q−m j=1 dijNmi(L)Nmj(H),(4)
Correction f unctions β KV 1 and γ KV 1
The estimates of βV and γV will be improved by using events whose moment magnitudes are not necessarily available. Let c (1) ij be the parameters in (3), which realize MKV 1. First a correction δcij to c The correction function βV thus determined is denoted as β KV 1 and parameters as c (1 ) ij . Fig. 2 illustrates the epicentral-distance dependence of (a) MKV 1 −MKV 1−ev and (b) M KV 1 −M KV 1 −ev . The subscript 'ev' denotes an average over all stations for an event. The difference between station magnitudes and the average for an event has been reduced in M KV 1 . Fig. 3 displays the difference between M KV 1 and Mw versus focal depth. The coefficients c
(1 ) ij are given in Table 1 .
The correction function γV is revised similarly. Let d
(1) ij be the parameters in (4), which realize MKV 1. A correction δdij to d (1) ij is found by minimizing w αV log AV + β KV 1 (Δ, H)
in an iterative scheme. Here, an event magnitude Mev is given as an average of αV log AV + β KV 1 (Δ, H) Nmj(H) over all stations. The result of d
(1) ij + δdij is written as d
(1 ) ij . The average of γKV 1 weighted by the reciprocal of data density over station-trench distance is fixed at zero. γ KV 1 is represented with data plots in Fig. 4 , and its coefficients are given in Table 2 .
Correction f unctions β KV 2 and γ KV 2
The function βKV 2 can be obtained by recapitulating the previous discussion. Corrections δc j to δc (1 ) ij are found by minimizing (6), replacing Mw with MKD as a reference magnitude, c
(1) ij + δcij with c
(1 ) ij , and δc j with δc j in (6). It is possible to express γKV 2(L, H) = γ KV 1 (L, H), since the focal-depth dependence of γ KV 1 is not directly related to that of β KV 1 (Δ, H). The difference between MKV 2 and MKD versus focal depth is displayed in Fig. 5 . Coefficients of βKV 2 are given in Table 3 , and its contours in Fig. 6 .
Before closing this section, it should be noted that it is impossible to achieve (2) without recourse to M KV 1 because displacement magnitudes are not available for earthquakes deeper than about 250km, due to the limitation evident in Fig. 1 (b) . MKV 2 at depths deeper than 150km is almost the same as M KV 1 .
Discussion

Comparison with displacement magnitude of the seismic network for tsunami forecasts
This section investigates the magnitude-and timedependences of the difference between MKV 2 and MKD. 
MKV1'-Mw
Depth (km)
Mw Fig. 3 Difference between velocity magnitude M KV 1 and moment magnitude Mw estimated by Katsumata (2001) . N denotes the number of plots. The average difference in each sectioned range is denoted with a solid circle, and the standard deviation, with a bar.
Distance from Trench (km) Fig. 4 Relationship between distance from an observation point to a trench axis and deviation of amplitude data from that expected from the correction function, β KV 1 (Δ, H). Solid curves represent γ KV 1 (L, H) for the centers of depth ranges. The average difference in each sectioned range is denoted with a solid circle, and the standard deviation, with a bar. Table 2 Coefficients of spline functions for γ KV 1 , d shallow earthquakes smaller than magnitude 5, but it can be seen for earthquakes at depths of 60 to 300km. Magnitude saturation is not clear up to magnitude 6. Next, the temporal variation of the difference between MKV 2 and MKD is checked. JMA stopped measuring all possible amplitudes of seismic waves in Oct. 1997, and some magnitude bias has been observed owing to station selection. To eliminate the magnitude bias, station correction is applied to check the temporal variation of MKV 2 − MKD. Station correction is calculated from average differences between station magnitude and an event magnitude that is calculated as an average over all stations. Average deviations from Apr. 1995 to Sep. 1997 of a magnitude range of 2.4 to 4.0 are presented in Appendix 3. (2004) is used throughout the period. There are some fluctuations, but consistent average shifts or steps are not seen. The fluctuations are considered to be due to regionality of the difference between MKV 2 and MKD. Distribution of MKV 2 −MKD is represented on a map in Fig. 9 . Earthquake magnitudes of 0 ≤ H ≤ 60 (km) and 3.5 ≤ MKD ≤ 5.0 are used in the figure. There are regions of considerable positive deviation in the east off Hokkaido, and negative deviation in the north of Ishigaki Island. Fig. 9 is consistent with the result by Data Analysis Section, JMA (2004).
Comparison with displacement magnitude from 1977 to 2004
Data from the JMA seismic network deployed in 1994 for tsunami forecasts was used in the previous section. It is necessary to include data from the old JMA seismic network before 1994 and data from other organizations after Oct. 1997 when the unified seismic catalog began to be compiled. Station corrections are obtained for those stations.
The whole term is divided into three periods. Jan. 1977 to Dec. 1993 . Before installation of the seismic network for tsunami forecasts. Apr. 1995 to Sep. 1997 . After installation of the seismic network for tsunami forecasts and before the beginning of the unified seismic catalog. Oct. 1997 to Dec. 2004 . After the start of the unified seismic catalog.
Term I
Term II
Term III
Seismic stations are categorized in the JMA data files according to seismometer instrument types, installation conditions and organizations listed shown in Table 4 (e.g., JMA, 1998). Since a major type of seismic stations was J-S-P-log in Term I, the average difference is calculated based on an event magnitude determined from amplitudes obtained with J-S-P-log seismometers in the term. Event magnitude is based on amplitude from the J-S-R(2) seismometer in Terms II and III. In Term III, station corrections are applied in determining event magnitude. The results are listed in Appendix 2-4, which are revisions of the lists by Katsumata (2003) . Fig. 10 compares magnitude biases of stations between Terms I and II. The magnitude bias of a station is an average difference between station and event magnitudes. Event magnitudes are determined from data obtained with J-S-P-log seismometers in Term I and J-S-R(2) in Term II. The average difference between Terms I and II is -0.033, which is used to connect two terms. Data with a large deviation is excluded to obtain the average. On the the premises of meteorological observatories, J-S-P-log with logarithmic amplifiers (67-type). In boreholes at remote locations J-B-R away from meteorological observatories (76-type). In boreholes at meteorological observatories, J-B-P-log with logarithmic amplifiers. In boreholes at meteorological observatories.
J-B-P On the the premises of meteorological observatories. J-S-P On the ground surface at remote locations J-S-R (1) away from meteorological observatories (88-type). On the ground surface at remote locations J-S-R (2) away from meteorological observatories (the seismic network for tsunami forecasts). due to network renovation. The step is due to the difference of magnitude dependence of MKV 2−MKD between the old and current JMA seismic networks (Katsumata, 2003) . Fig. 11 (b) presents the temporal variation of difference between displacement magnitude MD and velocity magnitude MV in the JMA seismic catalog. Magnitude correction is applied according to the station category to determine MV (Funasaki et al., 2004) . Similar variations are seen in Figs. 11 (a) and (b).
Comparison with other kinds of magnitudes of deep earthquakes
MKV 2 at depths shallower than about 150km is based on the displacement magnitude by Katsumata (2004) (Fig. 5) , and that of deeper earthquakes is based on Mw by Katsumata (2001) . MMV 2 is compared with other kinds of magnitudes to check the suitability of the combined magnitude bases. Fig. 12 displays the difference between (a) MKV 2 and Mw estimated with the F-net (Fukuyama et al., 1998) from Apr. 1995 to Dec. 2004, and (b) MKV 2 and m b in the Earthquake Data Report (EDR) by the U.S. Geological Survey from Apr. 1995 to Dec. 2002 While some fluctuations are seen, there is no systematic deviation of MKV 2 − Mw down to depths of about 550km in Fig. 12 (a) . Comparison with m b (Fig. 12  (b) ) indicates negative bias at depths of 100 to 200km and positive bias at depths of 500 to 600km. However, Terms I and II. The horizontal axis represents the average difference between station and event magnitudes determined from amplitudes from J-S-R(2) seismometers in Term II. The vertical axis represents that from J-S-P-log seismometers in Term I. The magnitude range is limited to 3.5 to 5.0, and depth range, to 0 to 60km in both terms to obtain the magnitude bias. The average of the biases between Terms I and II is used to connect the velocity magnitudes in the two terms.
the average difference from m b is no more than about 0.3 magnitude units over all depth ranges. Comparison with Mw is shown by taking the reference magnitude as the horizontal axis in Fig. 13 . Features of magnitude dependence of MKV 2 − Mw are similar in all depth ranges. These figures indicate that the junction of two reference magnitudes does not produce considerable steps or discontinuities in depth dependence.
Fig. 14 plots the distribution of MKV 2 − Mw on a map. Earthquake magnitudes of 3.5 ≤ MKD ≤ 5.0 and 0 ≤ H ≤ 60km are used for the figure. Similar features are apparent in Figs. 9 and 14. Velocity magnitude is sensitive to periods shorter than one second, and displacement magnitude is sensitive to periods of several seconds. The distribution of magnitude difference seen in the figures is considered to be due to regionality of the spectrum content in the seismic waves and related to source characteristics or structure in the paths.
Conclusions
A velocity-magnitude determination formula was constructed to produce magnitudes consistent with the JMA displacement magnitude (Katsumata, 2004) . Epicentral-distance dependence and station-trench distance dependence of correction functions were esti- (Fukuyama et al., 1998) (Fukuyama et al., 1998) versus Mw from Apr. 1995 to Dec. 2004 . N denotes the number of plots. The average difference in each sectioned range is denoted with a solid circle, and the standard deviation, with a bar.
mated without assuming a reference magnitude. Depth dependence of the function is based on the JMA displacement magnitude at depths shallower than about 150km and on moment magnitude estimated by Katsumata (2001) at deeper depths. This formula is used to determine velocity magnitudes by JMA with a modification by Funasaki et al. (2004) . The magnitude is consistent with Mw estimated with the F-net (Fukuyama et al., 1998 ) from shallow to depths of about 550km. The averaged difference from the displacement magnitude has a small step of about +0.06 at the transition from the old JMA seismic network to the current one in 1994. A.1 Modification by Funasaki et al. (2004 ) Funasaki et al. (2004 obtained the correction function for velocity magnitude by modifying the function βKV 2(Δ, H), but did not show the modification explicitly. It is presented here for further reference. Funasaki et al. (2004) applied Watanabe's formula (1971) with a constant correction of −0.3 in the short hypocentraldistance range shown by A in Fig. A1 , and βKV 2(Δ, H) in the long hypocentral-distance range shown by C in Fig. A1 . For the intermediate area (B in Fig. A1 ), the two formulas are interpolated linearly on the log-log coordinate. .3 and A.4) . "Borehole depth" shows installation depth for sensors installed in boreholes or distance from the entrances for sensors installed in observation vaults. "Category symbol" are listed in Table 4 . "Ave." and "SD" are average and standard deviation of M KV 2 − M KV 2−ev(J−S−P−log) , respectively, where M KV 2 is magnitude of a station and M KV 2−ev(J−S−P−log) is an average over all stations with J-S-P-log seismometers. The magnitude range is restricted to 3.5 ≤ M KV 2−ev(J−S−P−log) ≤ 5.0 to calculate average and standard deviation, and depth range 0 ≤ H ≤ 60km. "Data num." is number of data used to calculate "Ave." and "SD".
A. Data from sensors of J-S-R(2) are used to calculate an event magnitude in this table. Station correction is applied to calculate the event magnitude. The magnitude range is restricted to 2.5 ≤ M KV 2−ev(J−S−R(2)) ≤ 4.0 to calculate average and standard deviation, and depth range 0 ≤ H ≤ 60km.
